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ABSTRACT  
High-resolution transmission electron microscopy, -potential and in-situ IR spectroscopy of 
adsorbed CO were combined for elucidating the ratio between  {011̅0}_Ca-rich:{011̅0}_P-rich 
terminations of  {011̅0} facets, i.e. the surfaces with the highest morphological importance, in two 
nanohydroxyapatite samples. Bovine serum albumin was found to form at least a monolayer on 
the surface left accessible to protein molecules by the agglomeration of nanoparticles when 
suspended in the buffered incubation medium. Noticeably, the conformation of adsorbed proteins 
appeared sensitive to the ratio between the two types of  {011̅0} terminations, also resulting in a 
difference in the surface exposed toward the exterior by the adsorbed protein layer(s).  
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INTRODUCTION  
 Hydroxyapatite – Ca10(PO4)6(OH)2 (hereafter referred to as HA) is among the most abundant 
mineral components of human bones and teeth [1–4]. HA is considered as an important bioactive 
and bioresorbable biomaterial widely used for bone tissue engineering, bone filling and 
substitution applications in orthopedics and dentistry [5–8]. Since the concept of biological surface 
science was established [9–11], the surface of biomaterials has been recognized to play a 
significant biological role, being the location of interaction with host biological media. Indeed, the 
analysis of various failed implants in the last decades indicated that failure mainly originates at the 
tissue/biomaterial interface [12]. Hence, a deep understanding of the biomaterial surface 
characteristics, in particular to elucidate the relationship between the types of surface terminations 
and the fate of the interactions with biomolecules, is mandatory to attain an increasingly higher 
level of control over biomaterials-host tissue interactions. The role of surfaces is further amplified 
in the case of nanobiomaterials; among them is nanosized hydroxyapatite, mimicking apatite 
nanocrystals in natural bone and teeth [13]. For instance, nanosizing and hierarchical structuring 
down to nanoscale of synthetic hydroxyapatite was found to have a beneficial effect on the 
response elicited in osteoblasts [14–16]. HA nanoparticles (NPs) can easily be prepared with 
different morphologies, namely needle-like [17–20] or plate-like [21,22]. Their surface/interface 
properties have been studied with a large variety of techniques (HR-TEM, MIR, NIR, NMR, ζ-
potential) [23–26], combined with computational studies [27–29], allowing a precise knowledge 
of the atomic distribution of the exposed surfaces. Focusing on the types of surface facets, recent 
advances resulting from XRD [30] and HR-TEM investigations [31,32] indicated that, 
independently on the hexagonal or platelet morphology, the prevailing surfaces are often of the 
{011̅0} type, corresponding to both lateral facets of hexagonal HA nanoparticles and basal facets 
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of platelets. Noticeably, {011̅0} surfaces are considered good models of the prevailing facets 
exposed by nanoapatite crystals in bone [33]. However, it is known that {011̅0} can exhibit 
different terminations depending on the specific interruption of the …-A-B-A-A-B-A-A-B-A-… 
sequence along the axis normal to the {011̅0} crystal plane family, where A and B correspond to 
layers with Ca3(PO4)2 and Ca4(PO4)2(OH)2 composition, respectively. As a consequence, three 
different types of {011̅0} terminations are possible, indicated as stoichiometric HA {011̅0} 
(upmost three layers: ...-A-B-A), HA {011̅0}_Ca-rich (upmost three layers: …-A-A-B) and HA 
{011̅0}_P-rich (upmost three layers: …-B-A-A). The labels Ca-rich and P-rich stem from a Ca/P 
ratio higher and lower than bulk Ca/P ratio of 1.67, respectively [28].  
Refinement of  synthetic procedures resulting in micro- and nanoHA particles with defined shape 
and size [22], have led to studies on the adsorption of amino acids [34–36], peptides [35,37], 
proteins [38–40], and DNA [41,42], aimed at understanding complex biomolecule adsorption 
phenomena [43]. Indeed, adsorption depends on a number of parameters related to the incubation 
conditions (i.e. temperature [44], pH and ionic strength [45], buffering agent [46]), the 
biomolecule(s) (i.e. charge size and structural rigidity [47,48], as well as cooperative behavior of 
proteins [49]) and textural and structural features of the adsorbing surfaces. Focusing on this latter 
aspect, Lin et al. provided evidence of the beneficial effect of surface nanotexture of HA 
bioceramics on the adsorption of specific plasma proteins [15]. As far as the surface texture, in 
terms of crystallographic facets exposed, the Kandori group investigated extensively the different 
behavior towards protein adsorption of {0001} surfaces with respect to{011̅0}. They were found 
to preferentially adsorb basic (e.g. lysozyme) and acid (e.g. BSA) proteins, respectively.[50–52] 
However, the recent awareness of the possible presence of different types of {011̅0}  terminations 
raises the question about any specific behavior towards protein adsorption. Indeed, differences in 
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the adsorption on {011̅0}_Ca-rich and {011̅0}_P-rich terminations of other types of 
biomacromolecules, namely DNA, were revealed by a combined experimental and computational 
study [42]. Similar observations were made in the case of the computational investigation of HA 
surfaces with the simple amino acid glycine [53].  
Here we report the results of an experimental study of the adsorption of bovine serum albumin 
(BSA), widely used to investigate the interaction of nanobiomaterials with proteins, on two 
nanoapatites, both preferentially exposing {011̅0} surfaces (by high resolution transmission 
electron microscopy, HR-TEM) but with significantly different Ca-rich/P-rich terminations. The 
relative amount of these terminations was determined by analyzing IR spectra of adsorbed CO 
using the method developed in ref [54]. Aspects dealing with protein coverage were analyzed, 
taking into consideration the agglomeration state of apatite nanoparticles in the incubation 
experiments. Finally, the impact of the different Ca-rich/P-rich terminations ratio on the secondary 
structure of adsorbed proteins was determined by circular dichroism-UV spectroscopy (CD-UV). 
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EXPERIMENTAL SECTION 
Materials. All solvents and reagents [calcium hydroxide Ca(OH)2, phosphoric acid H3PO4, 
magnesium chloride hexahydrate MgCl2∙6H2O, ammonia, HEPES buffer, BSA] were high-purity 
Sigma-Aldrich products and used as received. MilliQ water was used throughout. High-purity CO 
(Praxair) was used for IR measurements without any additional purification, except liquid nitrogen 
trapping. 
Preparation of HA NPs. In order to prepare 0.01 mol of hydroxyapatite, 0.10 mol of calcium 
hydroxide and 0.06 mol of phosphoric acid were combined. Calcium hydroxide was stirred 
magnetically in 200 ml of MilliQ water for 20 min until a homogeneous suspension was obtained. 
Phosphoric acid (diluted with 200 ml of MilliQ water) was added dropwise to this suspension over 
45 min, with continuous stirring, keeping the pH above 10.5 by addition of ammonia solution, as 
necessary. The solution was stirred for a further 2 h, and then left overnight. The product was 
filtered under suction and dried at ambient conditions. For HA-LT (LT = low temperature) all the 
synthesis steps were carried out at 298 K, while for HA-HT (HT = high temperature) the 
temperature was kept at 368 K.  
High Resolution Transmission Electron Microscopy (HR-TEM). HR-TEM images were 
obtained with a 3010 Jeol instrument operated at 300 kV. Samples were prepared by spreading a 
droplet of an aqueous suspension of nanoparticles on a copper grid coated with a lacey carbon film 
and then waiting for liquid evaporation. As apatite samples might evolve under the electron beam, 
potentially leading to further crystallization and/or loss of bulk water [55–57], TEM analysis was 
carried out under low-illumination conditions to avoid significant modification to the materials. 
X-ray Diffraction (XRD). XRD patterns of HA powders were recorded with an Analytical 
X’Pert Pro equipped with a PIXcel detector powder diffractometer using Cu K radiation 
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(k = 1.5418 Å) generated at 45 kV and 40 mA. For the diffracted beam an automatic-variable anti-
scatter slit with an irradiated length of 10 mm was used. The 2θ range was from 5° to 80° with a 
step size (2θ) of 0.039 and a counting time of 3 s.  
Specific Surface Area (SSABET) Measurements. Specific surface areas of HA nanoparticles 
were measured by N2 adsorption–desorption isotherms at 77 K using a Micromeritics ASAP 2020 
instrument and SSA was calculated by the Brunauer–Emmett–Teller (BET) method.  
IR Measurements. Infrared measurements were performed on powders pressed in self-
supporting pellets and placed in a cell, equipped with KBr windows, allowing the collection of 
spectra at ca. 100 K (by liquid N2 cooling). The cell was connected to a conventional vacuum line 
(residual pressure = 1×10-5 mbar, 1 mbar = 100 Pa) to perform all thermal treatments and 
adsorption-desorption experiments in situ. The spectra were collected at a resolution of 4 cm-1 with 
a Bruker IFS28 spectrometer, equipped with a DTGS detector. Each set of measurements (150 
scans) was carried out on three different samples of each material, and data were normalized with 
respect to both the SSA for a comparative analysis and to the intensity of a pattern in the 
2200-1900 cm-1 range (due to a combination and overtone of vibrational modes of bulk phosphate 
groups) to render differences in intensity independent of differences in the thickness of the pellets. 
Spectra of adsorbed CO are reported in Absorbance, after subtraction of the spectra of the sample 
before CO admission. The IR spectra at the highest CO coverage were analyzed in terms of linear 
combination of the theoretical spectra of (CO)n-Ca
2+ adducts (4≥n≥1) calculated for CO on 
different HA surface terminations (from ref. [54], see Figure S1 in the Supporting Information, 
hereafter SI). In summary, for each structure i of carbonyl adducts (containing from 1 to 4 CO 
molecules) computed in ref. [54], the CO stretching IR spectrum Si() was computed as a linear 
combination of Gaussian functions G(v − vj), each one centered at the jth CO  B3LYP rescaled 
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frequency value vj, and a 15 cm
-1 full width at half-maximum (FWHM), weighted by the 
corresponding calculated IR intensity (Ij)  
Si()= ΣIj G(ν−νj)  
Hence, at this level, the only guess was the FWHM value adopted, which was consistent with the 
FWHM = 15 cm-1 of the CO band at very low CO coverage, where only monocarbonyls, 
producing a single band, should be overwhelmingly present.  
A linear combination T() of all the computed Si() spectra represents the resulting spectrum in 
which, however, the weights wi of each Si() have to be, somehow, determined  
T() = Σwj Si()  
The criterion adopted to choose the weights wi has been to run a nonlinear regression between the 
experimental IR spectrum and the computed T() one, by keeping constant the relative ratios of 
the computed Ij intensities within the same case i, while changing their absolute values. 
Dynamic Light Scattering (DLS). For DLS measurements a 90Plus Particle Size Analyzer 
(Brookhaven Instruments) was used (laser wavelength 663 nm, detection angle 90°, temperature 
293 K). HA NPs were suspended (0.5 mg·ml-1) in bare HEPES (pH 7.4) and in BSA solutions 
buffered with HEPES. Moreover, DLS measurements were also performed on HA NPs carrying 
proteins irreversibly adsorbed toward dilution (namely protein hard corona, hereafter referred to 
“irreversibly adsorbed proteins”), separated by centrifugation from the BSA incubation solutions 
and resuspended in bare HEPES (see “Adsorption of BSA on HA samples” section for the detailed 
procedure). HEPES and buffered BSA solutions were the relevant media for this study, but in order 
to attain the highest dispersion of HA NPs, samples were also suspended in 0.1 M sodium citrate 
solution and stirred at 348 K for 24 h, to properly evaluate the NPs agglomeration occurring in 
other media. Moreover, DLS data of BSA solutions were acquired, for the sake of comparison. 
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For each suspension condition, DLS measurements were performed in triplicate and results 
reported as mean values of hydrodynamic diameters (Dh) ± standard deviation. 
 ζ-potential. The ζpotential of samples (BSA in buffer, nanoparticles in the relevant dispersion 
media and NPs carrying the irreversible fraction of adsorbed proteins) was measured by 
electrophoretic light scattering (ELS) with a Zetasizer Nano-ZS (Malvern Instruments). Data are 
reported for each sample as mean values of triplicate experiments.  
Adsorption of BSA on HA Samples. For both types of HA, a series of 6 suspensions, repeated 
in triplicate, were prepared (25 mg of powder in 2.5 ml of HEPES) and sonicated for 15 min at 
298 K. An equal volume of BSA solution in HEPES were added for each sample obtaining, in a 
final volume of 5 ml, a series of incubation solutions with different initial protein concentration: 
0.1, 0.5, 1.0, 2.5, 5, and 7.5 mg·ml-1. Samples rotated end-over-end for 15 min at 298 K, were then 
centrifuged for 20 min (10000 rpm, 298 K) to separate powders from the incubation media. 
Incubation times long up to 1 h were tested, but no significant changes in amount of adsorbed 
proteins and DLS values were obtained (Figure S2 in the SI). In order to desorb toward dilution 
the fraction of reversibly adsorbed BSA, pellets underwent several re-suspension/centrifugation 
cycles with fresh buffer and were then re-suspended in 5.0 ml of HEPES for spectrophotometric 
analyses.  
Quantification of Adsorbed BSA. Adsorption curves of BSA on HA NPs were obtained by 
spectrophotometric measurement of the difference in the absorbance value at λ = 280 nm 
(Cary 300 Bio, Varian) to evaluate the protein concentration before and after contact with the 
powders. The specific aim was to obtain quantitative information on both the reversibly and 
irreversibly adsorbed protein components. The supernatants resulting from the first centrifugation 
after incubation of HA NPs in the BSA buffered solutions were analyzed spectrophotometrically, 
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to determine the concentration/amount of proteins remained in solution. These values were used 
for plotting relevant physical-chemical parameters as a function of the actual concentration of BSA 
in solution in equilibrium with the adsorbed one. The amount of BSA in solution was subtracted 
from the initial amount of proteins before contacting NPs in the incubation systems, thus resulting 
in the total (reversible + irreversible) amount of adsorbed proteins. Finally, for each sample, the 
supernatants obtained by the subsequent washing procedure (re-suspension/centrifugation cycles) 
were merged and the absorbance at 280 nm was measured in order to estimate the amount of 
reversibly adsorbed proteins. These values, subtracted from the total amount, gave the amount of 
irreversibly adsorbed proteins. Results are reported as the mean value of at least three separate 
experiments ± standard deviation.  
Circular Dichroism Spectroscopy (CD-UV). A solution of 0.1 mg·ml-1 of BSA in MilliQ water 
(HEPES buffer is not transparent in the range of 180–210 nm for CD measurements) was prepared, 
and an aliquot was heated for 15 min at 373 K (with PTC-423S Peltier heating/cooling system in 
a tapped cuvette to prevent evaporation). Both solutions were scanned in the far-UV spectral range 
(180-300 nm, 4 accumulations, path length 0.1 cm, bandwidth 1 nm, scanning speed of 50 nm·min-
1) using a Jasco J-815 spectropolarimeter equipped with a Xe arc lamp. Samples of HA NPs 
carrying the irreversible fraction of adsorbed BSA were suspended in MilliQ water and diluted in 
order to minimize the scattering due to particle suspension, attaining a final powder concentration 
of 0.5 mg·ml-1 just before acquiring spectra. BSA concentration in each suspension was then 
determined and adjusted to obtain the same nominal concentration of irreversibly adsorbed BSA 
per volume (see details in the SI). Deconvolution of CD spectra was performed with CDNN 
software (Version 2.1, Copyright (C) 1997 Gerald Böhm) to estimate the relative percentage of 
secondary structures, considering the maximum number (33) of reference spectra in the software 
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database. The effectiveness of this deconvolution method was confirmed also by the agreement of 
results obtained for native and thermally treated BSA in solution with literature data.  
RESULTS AND DISCUSSION 
Structure, Morphology and Size of HA NPs. Both HA-HT and HA-LT, exhibited XRD 
patterns (Figure S3) typical of single phase hexagonal hydroxyapatite (JCPDS 9-432).  
In HR-TEM images (Figure 1), heavily affected by a tight agglomeration of nanoparticles on the 
support, both HA-HT (panel A) and HA-LT (panel B) in most cases produced elongated 2D 
projections on the image plane, with a different contrast (of the mass-thickness type) dependent 
on their width (normal to the elongation direction): narrower the width, higher the contrast (darker 
the particle image). This suggest that nanoparticles might exhibit an elongated plate-like shape, 
with size (length × width × thickness) of ca. 150-100 nm × 40-20 nm × 5-10 nm. Such dimensions 
are in agreement with a SSABET of 76 and 73 m
2·g-1 measured for HA-HT and HA-LT, 
respectively. For nanoparticles properly oriented with respect to the electron beam lattice fringes 
due to {011̅0}  planes of hexagonal hydroxyapatite phase appeared. It was noted that these fringes 
run along the main side of the projection of NPs on the image plane indicating that both HA-HT 
and HA-LT nanoparticles are elongated along the c-axis. Moreover, the main borders of the 
nanoparticle projection appeared parallel to the lattice fringes, indicating that they correspond to 
the lateral view of {011̅0} facets. 
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Figure 1. Representative HR-TEM images of HA-HT (panels (a), (a’)), HA-LT (panels (b), 
(b’)).Original magnifications: (a), (b) 35k ×; (a’), (b’) 200k ×. 
 
Types of HA Surface Terminations. The information provided by HR-TEM can be limited 
from a statistical point of view, and the sensitivity of HA nanoparticles to the exposure to the 
electron beam can prevent in a large extent the possibility to image details useful for the 
recognition the structure of surfaces. Thus, a method based on the analysis of the IR spectra of 
adsorbed CO was used to obtain insights on the relative amount of the different types of surface 
terminations exposed by HA nanoparticles [32,54]. In each of these measurements, milligrams of 
material are analyzed, instead of some hundreds of nanoparticles inspected by TEM, and the 
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experimental conditions adopted allow CO molecules to probe the local structure of all Ca2+ ions 
exposed to the surfaces of nanoparticles. Figure S4 shows the IR spectra of CO dosed on HA-HT 
and HA-LT (panels A and B, respectively) in order to saturate their capacity toward the adsorption 
of probe molecules on surface Ca2+ sites. The whole series of spectra collected at decreasing CO 
for both HA samples is reported in Figure S5 in the SI. The spectra at saturated CO coverage were 
compared with the unbiased sum (black dotted spectrum) of theoretical spectra (Sx curves, 4≥x≥1), 
each with weight=1, due to all possible Ca2+-(CO)n adducts (4≥n≥1) calculated for carbon 
monoxide on {0001}, stoichiometric {011̅0} reacted (R) with water, {011̅0}_Ca-rich and 
{011̅0}_P-rich surface terminations [54]. The huge misfit clearly indicated that only some of the 
carbonylic adducts might have been formed on the surface of the two HA samples. A nonlinear 
regression between the computed sum and the experimental IR spectra was then run. In both cases 
the best fit resulted from the combination of components due only to carbonylic adducts on 
{011̅0}_Ca-rich and {011̅0}_P-rich surfaces, whereas the coefficient of all other theoretical 
spectra approached a value close to zero, indicating that the other types of surfaces contribute in a 
very minor extent to nanoparticle terminations. Noteworthy, the relative amount of 
{011̅0}_Ca-rich and {011̅0}_P-rich terminations appeared reversed in the two samples: ca. 2:1 for 
HA-HT and ca. 1:2 for HA-LT (Table 1). These reversed ratios are also in agreement with the 
results of -potential measurements, i.e. of the assessment of the average surface charge of the two 
nanoparticle samples. On the basis of the findings of del Valle et al. [42], a larger relative amount 
of {011̅0}_Ca-rich terminations, which expose Ca2+, OH- and PO43- is consistent with the more 
negative -potential measured for HA-HT (-16.7 mV) than for HA-HT (-12.3 mV), where 
{011̅0}_P-rich terminations should be the more abundant. 
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Table 1. Table 1. {011̅0}_Ca-rich: {011̅0}_P-rich ratio of HA-HT and HA-LT 
Material {011̅0}_Ca-rich : {011̅0}_P-rich 
HA-HT 2.000.06 : 1.000.04 
HA-LT 1.000.05 : 2.200.06 
 
Agglomeration Status and ζpotential of HA-NPs in BSA Solutions. The hydrodynamic 
diameter (Dh) of HA NPs suspended in HEPES buffer in their bare form and carrying irreversibly 
adsorbed proteins was measured by DLS. Mass distribution data resulting from the average of 3 
measurements are reported in Figure 2, panel A. The whole set of raw data of BSA in HEPES and 
of HA NPs in the various suspension conditions considered are reported in Figure S6 and S7, 
respectively, in the SI.  
The highest dispersion of HA NPs was pursued and best results were found by using a citric acid 
solution with pH adjusted to 6.5 by NaOH addition. In this condition, HA-HT exhibited a bimodal 
distribution with Dh values of ca. 100 and 400 nm (panel A, black dashed lines a, a’, respectively; 
ratio in mass 1:2, see Figure S7 in the SI), whilst for HA-LT the distribution appeared monomodal, 
with an average Dh of ca. 380 nm (panel A, green dashed line b). The Dh value around 100 nm 
found for HA-HT, is similar to the size of primary particles observed by HR-TEM, indicating that 
the suspension medium used allows a monodispersion of the nanoparticles. Consequently, the Dh 
values around 380/400 nm indicated that ca. 2/3 of HA-HT and the whole HA-LT sample are 
constituted by aggregates of multiple nanoparticles. 
Hence, the citric acid solution appeared a good suspension medium for attaining a high 
dispersion of HA nanoparticles. This behavior likely resulted from the adsorption of citrate anions, 
that were reported to strongly interact with the surface of apatite nanocrystals [30,33]. As a 
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consequence, this medium was not considered for studying the adsorption of BSA, in order to 
avoid the interference of citrate ions in this phenomenon. 
When suspended in HEPES buffer, both single and aggregated NPs of HA-HT underwent a large 
agglomeration, as indicated by the appearance of a monomodal distribution with an average Dh of 
ca. 1.6 µm. In the case of HA-LT the agglomeration was so extended to result in the flocculation 
of the system (amount of agglomerates remained in suspension too low to produce a detectable 
signal in DLS measurements). 
HEPES buffered solutions of BSA were then added to HA-LT and HA-HT suspended in HEPES 
buffer. Dh was measured in two conditions, and equivalent results were obtained: i) with 
unadsorbed proteins still present in the suspension (thus before any centrifugation), ii) after 
removing them, by separating NPs with irreversibly adsorbed BSA and re-suspending them in 
HEPES buffer (see Figure S8 in the SI). The second condition was also used for the ζpotential 
measurements, to avoid contribution from non-adsorbed proteins. 
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Figure 2. Panel (a): hydrodynamic diameter (Dh) of HA-HT (color code: black), HA-LT (color 
code: green) suspended in: (i) solution of sodium citrate 0.1M ((a), (a’) and (b) dotted lines), (ii) 
HEPES buffer (HA-HT: empty symbols; HA-LT: agglomerates too large in size to be measured) 
and (iii) re-suspended in HEPES after incubation with BSA solution with different concentrations 
(full symbols) and removal of BSA adsorbed reversibly upon dilution (see Experimental). Panel 
(b): ζ-potential of: (i) native and thermally treated BSA in solution (blue and red dotted lines, 
respectively) and (ii) HA-HT and HA-LT NPs in bare form (empty symbols) and with irreversibly 
adsorbed BSA (full symbols), as in panel (a) (again, values reported on the X-axis: concentration 
of BSA in solution in equilibrium with the adsorbed one). Values reported on the X-axis: 
concentration of BSA in solution in equilibrium with the adsorbed one, at the end of the incubation. 
Values in brackets over grey bars are initial concentrations of BSA solutions. 
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An overall dispersive effect of BSA molecules was observed. In the case of HA-HT, a slight 
decrease of Dh occurred for NPs incubated in 0.1 and 0.5 mg·ml-1 protein solutions, whilst Dh 
more than halved for incubation in more concentrated BSA solutions. In any case, a dispersion as 
high as in the citrate solution was not attained. Protein molecules also acted as dispersing agents 
toward HA-LT agglomerates, which however, remained very large in size, from ca. 5.5 to 4 µm.  
The dispersive effect of proteins toward agglomeration of both types of HA NPs appeared 
qualitatively similar to observations in a previous work for silica nanoparticles [58]. This behavior 
was interpreted in terms of diffusion of protein molecules within interparticle spaces in the initial 
agglomerates, which are then partly disrupted.  
The incomplete redispersion indicates that the diffusion process did not reach the core of 
agglomerates. Consequently, DLS is actually measuring the size of the fragments of agglomerates 
that resisted the diffusion of BSA molecules, carrying adsorbed proteins on the surface accessible 
to BSA molecules. 
Complementary aspects of the HA NPs-BSA interaction were studied by measuring the 
ζpotential of HA-HT and HA-LT suspended in HEPES buffer in their bare form or when carrying 
on their surface the hard protein corona. Data are shown in Figure 2, panel B, where also the 
ζpotential values of BSA in HEPES buffer in the native state (blue dotted line) and after thermal 
treatment (red dotted line) are reported for the sake of comparison.  
As reported above, ζpotential values measured for bare HA-HT and HA-LT were 16.7 and 
12.3 mV, respectively. Noticeably, an opposite evolution of ζpotential occurred as a 
consequence of the presence of irreversibly adsorbed proteins: by incubation with the less 
concentrated BSA HEPES buffered solution (0.1 mg·ml-1), the ζpotential measured for HA-HT 
increased from 16.7 mV to 12.1 mV (ζ= +4.6 mV), whereas for HA-LT it decreased from 
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12.3 mV to 20.1 mV (ζ= -7.8 mV). By incubation with more concentrated BSA solutions, up 
to an equilibrium concentration of ca. 3.0 mg·ml-1 (initial BSA concentration 7.5 mg·ml-1), 
ζpotential changed in a more limited way, remaining in the -12.0/10.0 mV range for HA-HT, 
and 20.1/18.0 mV range for HA-LT. Noteworthy, the ζpotential values of the BSA on HA-HT 
system and of the BSA on HA-LT one are similar to those of native and thermally treated BSA in 
solution, respectively (dotted lines in Figure 2B). 
Such opposite behavior clearly indicated that the adsorption of BSA molecules is significantly 
influenced by the different {011̅0}_Ca-rich:{011̅0}_P-rich terminations ratio between the two HA 
samples. The ζpotential of a protein-on-NPs system depends on both protein coverage and 
structure. Thus, these aspects were also investigated.   
Amount of Adsorbed BSA and Surface Coverage. Total and irreversibly adsorbed amounts 
of BSA per unit mass of the two materials, with dependence on the initial concentration of the 
protein incubation solutions, are shown in Figure 3A. For each type of HA NPs, the two sets of 
data appeared almost coincident, indicating that the overwhelming part of BSA adsorption had an 
irreversible character. Nevertheless, in no case a complete adsorption of BSA present in the 
incubation medium occurred. Thus, for the sake of simplicity, only data dealing with the 
irreversibly adsorbed amounts were further considered.  
The next step was the evaluation of the surface coverage, assuming a BSA molecule should 
occupy an area of ca. 9.0 × 5.5 nm2 when adsorbed in a “side-on” manner (a conservative choice 
with respect to the “end-on” mode, resulting in the occupation of a smaller 5.5 × 5.5 nm2 area) 
[59]. As far as the surface area of HA NPs for protein adsorption is considered, the SSABET values 
(then measured by N2 adsorption on dry powders) were used, and the results obtained are reported 
in Figure 3, panel B, in terms of relative coverage with respect to a theoretical monolayer of 
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“sideon” adsorbed BSA molecules. The data sets appeared quite similar for both HA-HT and 
HA-LT, exhibiting a progressive increase of the coverage up to 0.6 for BSA initial concentration 
as large as 1.0 mg·ml-1, and then exhibiting oscillations in the 0.4-0.7 θ value range for higher 
BSA initial concentrations. 
Noteworthy, the incubation with BSA solutions at different initial concentrations up to 1 mg/ml 
resulted in a different dispersion of HA NPs agglomerates (Figure 2, panel A). Thus, it must be 
considered that each of the three first points in the adsorption isotherms in Figure 3 results from 
an incubation condition where two parameters are different with respect to the other points: not 
only the initial/equilibrium protein concentration, but also the size of the HA NPs agglomerates, 
i.e. the amount of surface area available for protein adsorption. Hence, the linear trend of the initial 
part of the isotherms cannot be interpreted on the basis of the usual models developed for the 
protein adsorptions on substrates not changing in size in dependence on the protein concentration. 
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Figure 3. Panel (a): amount of total (empty symbols) and irreversibly (full symbols) adsorbed 
BSA on HA-HT (black squares) and HA-LT (green circles) after incubation in different BSA 
solutions with different protein concentrations reported per mass of HA powder. Evaluation of HA 
surface coverage by irreversibly adsorbed BSA by considering: panel (b) the SSA measured by 
the BET method. Red dashed line, θ = 1: theoretical monolayer, for BSA adsorption in the side-
on mode [59]. Values reported on the X-axis: concentration of BSA in solution in equilibrium with 
the adsorbed one, at the end of the incubation. Values in brackets over grey bars are initial 
concentrations of BSA solutions. 
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However, it must be considered that an extensive agglomeration of both types of HA 
nanoparticles occurred in HEPES buffer, and that the partial redispersion attained when BSA was 
added witness for the limited diffusion of proteins within the agglomerates. Thus, the surface per 
unit of mass of HA actually available for the adsorption of BSA molecules should have been 
significantly lower with respect the SSABET. As a consequence, in both HA-HT and HA-LT 
agglomerated the protein coverage should be higher than what reported in Figure 3, panel B. In a 
previous study dealing with adsorption of BSA on spherical SiO2 NPs [58], the high homogeneity 
in shape and size of nanoparticles resulted in the agglomeration of nanoparticles in a hexagonal 
array, and this allowed for a reasonable estimation of the mass present in the agglomerates and of 
their external surface area, accessible to BSA molecules. The different shape of HA nanoparticles 
and the unknow shape and structure of agglomerates prevented a similar analysis in the present 
case. Nevertheless, it must be considered that the ζpotential of a protein-NP system results from 
the combined contribution adsorbed proteins and the part of the surface of nanoparticles still 
uncoated by them. Thus, the dependence of ζpotential and of surface coverage from the protein 
concentration in the incubation suspensions should be similar, whereas this was not the case for 
BSA on HA-HT and HA-LT. The trend of protein coverage calculated on the basis of the SSABET 
was characterized by an almost linear increase by increasing up to 1.0 mg·ml-1 the BSA 
concentration of the incubations solutions (Figure 3, panel B). Conversely, a steep change of 
ζpotential occurred when passing from bare nanoparticles to the presence of irreversibly adsorbed 
protein by contact with a 0.1 mg·ml-1 BSA solution, and then more limited changes occurred for 
proteins-NPs systems resulting from the suspension in more concentrated BSA solutions (Figure 
2, panel B). This behavior suggests that, for each type of HA material, the extent of the surface of 
agglomerated nanoparticles coated by irreversibly adsorbed proteins should have been almost 
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constant along the series of protein-NPs systems resulting from incubations in BSA solutions with 
different protein concentration. 
Confirmatory evidence of these proposals was obtained by CD-UV spectroscopy, also providing 
insights on the conformation of adsorbed proteins.  
 
CD-UV of BSA Irreversibly Adsorbed on HA. CDUV spectra of proteins irreversibly 
adsorbed on HA-HT and HA-LT (curves a-d and a’-d’, respectively) are reported in Figure 4. In 
order to properly relate possible changes in the intensity of the CD-UV signals to structural 
modification due to adsorbed proteins, spectral intensities were normalized with respect to the 
same protein content (for details, see Figure S9 and related comment in the SI). Moreover, spectra 
of adsorbed proteins are compared with those of BSA in solution in both native and thermally 
treated forms (blue and red dashed curves, respectively). The latter was of interest as a case where 
protein underwent changes in the secondary structure, without aggregation.  
The CD-UV spectrum of native BSA in solution exhibits the usual profile characterized by one 
positive signal at 192 nm and a negative partner at 208 nm (resulting from the exciton coupling 
splitting of the π→π* transition) and a negative component at 222 nm due to the n→π* transition 
[60,61]. Following thermal treatment, the total intensity of these signals decreased and also a 
change in their relative intensity occurred. Spectra were deconvoluted (CDNN software; results in 
Table 2) and the relative amount of α-helix, β-sheet and unordered secondary motifs found for 
native BSA appeared fully consistent with literature values [62].  
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Figure 4. CD-UV spectra of BSA irreversibly adsorbed on HA-HT and HA-LT (panels (a) and 
(b), respectively) incubated in protein solutions at different initial concentration: (a),(a’) 0.1, 
(b),(b’) 0.5, (c),(c’) 2.5, (d),(d’) 7.5 mg ml−1. Spectra are compared with those of BSA solutions 
in native form and after thermal treatment at 373 K for 15 min (blue and red dashed curves, 
respectively). 
 
As expected, the relative amount of α-helices decreased in favor of random coils (and in a minor 
extent of β-turns) for thermally treated BSA, whereas the relative amount of β-sheets remained 
almost unchanged, indicating that aggregation among proteins, resulting in the formation of 
intermolecular β-sheets-like structure, did not occur. 
Considering irreversibly adsorbed proteins, the spectra of BSA on HA-HT (panel A, curves a-d) 
appeared located between those of native and thermally treated BSA. Moreover, they are very 
similar to each other, independently on the concentration of BSA in the incubation solution. The 
main difference with respect to the spectra of BSA in solution was a change in the relative intensity 
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of minima at 208 and 222 nm. Such a change appeared even more evident for spectra of BSA 
irreversibly adsorbed on HA-LT, all located over the spectrum of thermally treated BSA (panel B, 
curves a’-d’). These spectral behaviors clearly indicated that important changes in the relative 
amount of secondary structural motifs occurred in adsorbed proteins. By spectral analysis, an 
increase in β-sheet content deconvolution (Table 2, column 4) was found for BSA adsorbed on 
HA-HT and HA-LT, almost doubled with respect to proteins in solution in both their native and 
thermally treated forms. This finding, accompanied by a significant decrease in the 208/222 nm 
intensity ratio (Table 3), monitors the formation of intermolecular β-sheets, as observed for BSA 
assembly resulting from the interaction with cationic lipids [63], or the adsorption of amyloid 
proteins on Teflon particles [64].  
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Table 2. Relative amount of secondary structures obtained by deconvolution of CD-UV 
spectra of BSA in solution (native and thermal treated forms) and irreversibly adsorbed on HA-
HT and HA-LT incubated in protein solutions at different initial concentrations. 
Sample (BSA) BSA, mg·ml-1 
(initial 
concentration) 
α-helix (%) β-sheet (%) β-turn (%) random coil (%) 
solution 0.1 69 ± 3 9 ± 2 10 ± 1 12 ± 2 
solution (373 K) 0.1 48 ± 2 10 ± 2 16 ± 1 27 ± 2 
BSA on HA-HT 
0.1 55 ± 3 18 ± 1 10 ± 1 17 ± 2 
0.5 63 ± 2 18 ± 1 8 ± 1 11 ± 1 
2.5 56 ± 3 17 ± 1 10 ± 1 17 ± 2 
 7.5 59 ± 3 18 ± 1 10 ± 1 13 ± 1 
BSA on HA-LT 
0.1 40 ± 1 20 ± 1 11 ± 1 30 ± 1 
0.5 40 ± 2 21 ± 1 10 ± 1 27 ± 2 
2.5 38 ± 2 21 ± 1 10 ± 1 30 ± 1 
 7.5 40 ± 2 21 ± 1 9 ± 1 28 ± 2 
 
Table 3. Ratio between CD values at 208 and 222 nm (CD208/CD222) calculated for CD-UV 
spectra of BSA in solution and adsorbed on HA NPs. 
CD208/CD222 > 1 CD208/CD222 < 1 
BSA in solution adsorbed BSA 
native BSA 1.07 0.89, 0.87, 0.78, 0.88 panel A, spectra a-d 
heated at 373 K 1.16 0.64, 0.59, 0.61, 0.68 panel B, spectra a’-d’ 
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The occurrence of protein-protein interactions among BSA molecules adsorbed on HA-HT and 
HA-LT can then be inferred. This can account for the formation of at least a protein monolayer on 
the parts accessible to BSA of the surface of nanoparticles forming the agglomerates.  This finding 
confirms that the sub-monolayer protein coverage calculated by taking into consideration the 
SSABET was underestimated (Figure 3, panel B): when HA nanoparticles are agglomerated, their 
specific surface area accessible to proteins is lower than that measured by N2 adsorption on dry 
powders. The formation of at least a BSA monolayer, likely occurring for all the BSA 
concentrations considered, should result from the combined increase of the amount of proteins in 
solution and of the protein-induced partial disagglomeration of nanoparticles, with a consequent 
increase of the surface area available for protein adsorption. 
Another important feature is constituted by the different content in random coils (Table 2, 
column 6) and α-helices (Table 2, column 3) between BSA adsorbed on HA-HT and HA-LT.  
In the case of BSA on HA-HT, the random coil content (11-17%) changed in a limited extent 
with respect to native BSA in solution (12±2%), whereas it increased significantly for BSA on 
HA-LT (27-30%). Accordingly, the -helix content of BSA on HA-LT (38-40%) decreased in a 
larger extent with respect to native BSA in solution (69±3%), than for BSA on HA-HT (55-63%). 
In addition, it must be considered that, in both cases, a part of the decrease in intensity of the 
spectroscopic features due to -helices is due to the protein-protein interactions responsible for 
-sheet-like signals. Because the protocol for protein adsorption on the two HA NPs types was the 
same, the difference in random coil content points to a role of the ratio between {011̅0}_Ca-rich 
and {011̅0}_P-rich surface terminations in determining possible intramolecular conformational 
changes of adsorbed proteins.  
Changes in secondary structure detected by CD-UV for native and thermally treated BSA in 
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solution resulted in a change in the protein potential (Figure 2B). Hence, the different 
conformation of BSA adsorbed on HA-HT and HA-LT can be related to the different potential 
of the two protein-NPs systems (Figure 2B). CD-UV data indicated that at least a protein 
monolayer was attained for both systems even when the agglomerates of HA nanoparticles were 
contacted with the BSA solution with initial concentration of 0.1 mg·ml-1. Hence, the potential 
measured was mainly due only to the protein layer(s), without any significant contribution from 
the underlying HA surface. In the case of BSA on HA-HT, the protein adsorption did not result in 
a significant change in the relative amount of unordered secondary structure, and the increase in 
the relative amount of -sheet-like motifs monitors the occurrence of protein-protein interactions. 
Thus it can be proposed that BSA on HA-HT basically maintained their native structure, and the 
parts of the polypeptidic chain exposed towards the exterior contribute to the measured 
potential. Conversely, CD-UV spectra indicated that conformational changes occurred for BSA 
adsorbed on HA-LT.  Because also in this case, the surface of agglomerates of HA nanoparticles 
is completely covered by adsorbed proteins, the measured potential should result from the 
ionizable chemical groups exposed towards the exterior by protein molecules. Owing to the 
differences in secondary structure, the amount and nature of these groups can be different from 
those determining the potential of BSA on HA-HT. 
CONCLUSIONS  
The collection of the results presented above point at two principal insights, one relevant for the 
methodologies to be adopted for the investigation of the adsorption of proteins on nanomaterials, 
and the other for the sensitivity of protein adsorption to surface features of nanomaterials.  
As far as the methodological aspect is concerned, our data indicate that an important aspect of 
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the protein adsorption on nanoparticles, such as the protein surface coverage, cannot be determined 
taking into consideration the specific surface area of nanoparticles as measured by N2 adsorption 
on dry powders (the so-called BET method). Conversely, it must be considered that nanoparticles 
can agglomerate in the incubation medium, thus the surface available for the adsorption of proteins 
is only that of nanoparticles exposed at the surface of agglomerates. 
Passing to the impact of the protein-nanoparticles interaction on the protein secondary structure, 
it can be concluded that even differences in the atomic arrangement of surface termination of the 
same crystallographic type affect the conformation of adsorbed proteins. This insight extends to 
proteins what found by del Valle et al. [42] when studying the interaction of DNA with nano-HA, 
and adds a step to the elucidation of the effect of hierarchical nanostructuring of HA bioceramics 
on protein adsorption [15].  
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